Introduction: There is limited pediatric information on the complex relationships among the dose of tenofovir disoproxil fumarate (TDF), plasma concentrations of tenofovir (TFV), and intracellular TFV diphosphate (TFV-DP) concentrations. Our objectives were to describe TFV-DP pharmacokinetics in children and adolescents and investigate the effect of age on TFV and TFV-DP concentrations.
Introduction
Tenofovir disoproxil fumarate (TDF), a nucleotide analogue and prodrug of tenofovir (TFV), is widely used in combination with other antiretrovirals for treatment of HIV type 1 (HIV-1) infection. Intracellular phosphorylation of TFV to TFV diphosphate (TFV-DP) is necessary for inhibition of viral reverse transcriptase. Our previous work has elucidated a relationship between plasma concentrations of TFV and formation of intracellular TFV-DP in adults [1] . We showed TFV-DP formation could be described as a function of plasma TFV concentrations with an indirect, stimulation of response, maximum effect model. The estimated elimination halflife of TFV-DP was 87 h, consistent with in-vitro data.
Pediatric pharmacokinetic data for TFV in plasma are limited; information on intracellular TFV-DP concentrations in children is even more limited. International Maternal Pediatric and Adolescent AIDS Clinical Trial Group study P1058 evaluated the steady-state pharmacokinetics of TFVand TFV-DP in HIV-infected pediatric patients on stable antiretroviral therapy; plasma TFV data have been previously published [2] . The objective of the present work was to describe the pharmacokinetics of intracellular TFV-DP in these HIV-infected pediatric patients and investigate age-related differences.
Methods
Study design, patients, and bioanalytical methods P1058 determined the steady-state pharmacokinetics of TFV and TFV-DP when TDF was given in combination with nucleoside reverse transcriptase inhibitor (NRTI) or non-NRTI with or without protease inhibitors to 47 children and adolescents [2] . These data were pooled with those from two other studies in adolescents and adults. The first study, conducted by the Adolescent Trials Network (ATN) for HIV/AIDS Interventions (protocol ATN056) characterized TFV and ritonavir-boosted atazanavir pharmacokinetics [3] . The second was a single-center two-group study (known as 1427) of TFV pharmacokinetics and renal clearance in persons taking lopinavir/ritonavir versus those not receiving a protease inhibitor [4] . In all studies, the TDF dose was 300 mg once daily, administered following a meal. Steady-state TFV plasma concentrations were measured at six or eight different sampling times based on the study (one sample before TDF administration and five or seven at specified times throughout the 24-h dosing interval) from 102 patients (61 men/41 women). Among the 102 patients, 88 had measurements of intracellular TFV-DP concentrations at two or three different sampling times, either predose, 1, 4, 5, and/or 24 h after the dose. The complete study methods and primary results of these two studies have been published [2] [3] [4] . The institutional review boards at each site, recruiting individuals, approved the studies, and all individuals provided written informed consent. For all studies, plasma TFV and intracellular TFV-DP concentrations in peripheral blood mononuclear cells were quantified by validated liquid chromatography/tandem mass spectrometry procedures, as previously described, in the same laboratory [5] [6] [7] .
Population pharmacokinetic modeling Pharmacokinetic modeling was accomplished using a nonlinear mixed effects approach. A first-order conditional estimation method with interaction (NONMEM Version 7.2 and PDx-Pop Version 5, ICON Development Solutions, Hanover, Maryland, USA) [8] . Xpose [9] and R (http://www.r-project.org/) were used for goodness-of-fit assessment and model evaluation.
The model-building process has been discussed in detail previously [1] . In this study, however, following development of a base two-compartment model for plasma TFV, further model development was undertaken with the population subdivided by age (less than 25 years of age, hereafter referred to as children and young persons wherein young persons are an age group between 10-24 years as defined by WHO [10] , and adults 25 years of age or more). Weight was scaled to 70 kg bodyweight for children and young persons using the allometric 0.75 or 1 power model for clearance/intercompartmental clearance or volume terms, respectively, and the absorption rate constant for plasma TFV was partitioned for slow and fast absorbers (time to reach maximum plasma concentration either less than 2 or more than 2 h, respectively). An exponential and proportion error model for interpatient and intrapatient variability, respectively, was utilized to describe plasma TFV pharmacokinetics. The variance component and consequently covariates for intercompartmental clearance were not estimated. Following identification of this modified base model, the influence of demographic covariates (sex, weight, and race), estimated creatinine clearance (CrCL), method of Cockcroft and Gault [11] for patients more than 18 years and Schwartz et al. [12] equation for patients less than 18 years, and Tanner stage (only P1058) [13] on TFV pharmacokinetics were evaluated. Selection criteria for significant parameter-covariate relationships were similar to previously published approaches [1] .
Plasma and intracellular concentrations were modeled sequentially. The plasma concentration producing 50% of the maximum TFV-DP concentrations and intracellular elimination rate constant of TFV-DP were partitioned by age (less than 25 or 25 years or more) in the indirect stimulation of TFV-DP formation model. The zeroorder constant for production of the response was estimated but not partitioned. The intracellular elimination rate constant for the adult population was fixed to the previously estimated value [1] , and maximum TFV-DP concentrations were fixed to the maximum value of measured intracellular concentrations (1200 fmol/10 6 cells). Interindividual variability using an exponential error model was described only for TFV plasma concentration producing 50% of maximal TFV-DP concentrations, and a proportional error was used to describe residual variability. Apart from partitioning by age, a full covariate analysis was not performed for the intracellular model due to data limitations. Model evaluations were performed utilizing the bootstrap method by simulating one thousand datasets and visual predictive check (VPC) by simulating 500 datasets.
Results
The patient demographics and analysis results are presented in Table 1 . TFV plasma apparent oral clearance by age groups and mean plasma TFV and intracellular TFV-DP concentrations for less than 25 versus 25 years or more are presented in Fig. 1 .
The 47 patients (25 men and 22 women; 8.6-17 years; mean CrCL, 154.5 ml/min) from the P1058 population had plasma TFV concentrations ranging from 16.4 to 920.1 ng/ml; intracellular TFV-DP concentrations in 37 of these patients ranged from 4.3 to 1143.4 fmol/10 6 cells. The 55 patients in the ATN and 1427 populations had TFV plasma concentrations ranging from 12.5 to 643 ng/ ml, and intracellular concentrations in 51 of these patients ranged from 10.6 to 414 fmol/10 6 cells. The final population model for plasma TFV found an approximately 36% faster apparent oral TFV clearance for children and young persons when compared with adults. Typical apparent oral TFV clearance was 57.6 l/h in children and young persons compared with 42.3 l/h for adults with a 31.2% interindividual variability on both populations. CrCL was the most significant covariate on apparent oral TFV clearance and apparent volume of the central compartment. The TFV plasma concentration producing 50% of maximal TFV-DP concentrations was 100 ng/ml for the children and young person cohort compared with 192 ng/ml for adults. The intracellular elimination half-life of TFV-DP for children and young persons was estimated at 70 h versus the previously estimated half-life of 87 h in adults.
Discussion
These data suggest an influence of age on TFV and TFV-DP pharmacokinetics. These results validate previous findings of age-related differences in TFV pharmacokinetics between older and younger adults and extend them to a younger population of children and adolescents [3, [14] [15] [16] . In this analysis, interestingly, the lower plasma TFV concentrations in children and young persons did not result in decreased intracellular TFV-DP concentrations. TFV-DP concentrations were almost 50% higher in children and young persons compared with adults.
The population pharmacokinetic model satisfactorily described TFV plasma and TFV-DP intracellular concentrations. We noticed some patients achieved maximum plasma concentrations faster than others, perhaps due to the type of food taken. As expected, results showed TFV apparent oral clearance was dependent upon renal function with CrCL having a significant influence on TFV apparent oral clearance, and apparent volume of the central compartment. The most likely explanation for the faster apparent oral clearance of TFV in children and young persons is their relatively increased kidney size compared with body size and/or increased kidney function. Overall, the estimates for apparent oral TFV clearance and apparent volume of the central compartment, and the variability associated with these parameters compare well with literature values for both adult [17, 18] and adolescent populations [16] .
Others have previously suggested that children and adolescents have a lower systemic exposure to TFV compared with adults [14] [15] [16] . An unanticipated finding in this study was higher intracellular TFV-DP concentrations in children and young persons despite their lower parent drug systemic exposure. Intuitively, a decreased intracellular exposure would be expected as a consequence of lower plasma TFV exposure. This is not the first inverse relationship found for a nucleoside, however; increased intracellular zidovudine monophosphate concentrations were associated with lower plasma zidovudine [19] . The pharmacokinetic modeling results suggest the higher intracellular TFV-DP concentrations arise from children and young persons being more susceptible to formation of TFV-DP from a given level of exposure to TFV, as seen by a lower TFV plasma concentration producing 50% of maximal TFV-DP concentrations, instead of slower intracellular elimination.
There are limitations to the strength of these observations. The primary is the need to fix the intracellular parameters, maximum TFV-DP concentrations and adult intracellular elimination rate constant, because of data limitations. However, we did perform a sensitivity analysis with various scenarios of fixing parameter estimates versus estimating parameters. Different estimates for maximum TFV-DP concentrations were tested by either fixing to different literature estimates ranging from 400 to 2000 fmol/10 6 cells or by estimating maximum TFV-DP concentrations. Similarly, adult intracellular elimination rate constant values were fixed to literature ranging values from 20 to 100 h or estimating, but none of these resulted in successful model convergence or minimization. The VPC evaluation of the final model supported a reliable description of the TFV and TFV-DP data.
Antiretroviral therapy in children and adolescents requires knowledge of age-related pharmacokinetic characteristics and dosing strategies to account for developmentassociated changes in these characteristics. The paradigm of antiretroviral dosing in children and adolescents, especially with TDF and other NRTIs, has been based on the assumption that achieving a plasma exposure similar to an adult would result in a similar intracellular exposure. Evidence to prove this assumption is lacking. The present data provide evidence to the contrary. These observations, which need confirmation, potentially have clinically relevant dosing implications for NRTIs in children. A similar plasma exposure that achieves increased intracellular concentrations may have excellent efficacy but could result in increased rates of adverse reactions, such as mitochondrial [20] or renal toxicity [21] . Conversely, a similar plasma exposure that results in lower intracellular concentrations may increase the risk of virologic failure. Either of these scenarios provides motivation for an increased emphasis on achieving intracellular drug exposure in children and adolescents that is similar to adults as a determinant of NRTI dosing strategies. TDF has recently been approved by the FDA for use in children 2 years and older. No signals are apparent that children and adolescents have different or a different incidence of TDF-related adverse events. The limited experience with long-term therapy and higher intracellular exposure in children warrant careful monitoring to be certain this is true. Fig. 1 . Box plot of plasma TFV CL/F versus age group: (a) mean (and standard error of the mean) plasma TFV concentrations in participants less than 25 years of age and 25 years of age or more; (b) and intracellular TFV-DP concentrations; (c) in participants less than 25 years of age and 25 years of age or more. Plasma TFV CL/F normalized by weight was highest in those less than 12 years followed by 12 to less than 17 years, 17 to less than 25 years, and then lowest for 25 years or more. Overall, plasma TFV concentrations were lower in study participants less than 25 years of age (estimated CL/F of 57.6 l/h) than in adults (estimated CL/F 42.3 l/h). The median intracellular TFV-DP concentrations were higher in participants less than 25 years of age compared with adults: TFV-DP C 24 was 96 fmol/10 6 cells versus 61 fmol/10 6 cells. CL/F, apparent oral TFV clearance; TFV-DP, TFV diphosphate; TFV, tenofovir.
In conclusion, our data suggest that compared with adults, children and young persons who receive the usual TDF dose of 300 mg once daily, have lower plasma TFV concentrations but increased intracellular TFV-DP concentrations. Further examination of this age-related difference in plasma and intracellular pharmacokinetics offers the potential to understand the mechanism(s) responsible and may facilitate more informed investigations of the clinical and intracellular pharmacology of TFV.
